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ABSTRACT: DNA catalysts (deoxyribozymes) for a
variety of reactions have been identified by in vitro
selection. However, for certain reactions this identification
has not been achieved. One important example is DNA-
catalyzed amide hydrolysis, for which a previous selection
experiment instead led to DNA-catalyzed DNA phospho-
diester hydrolysis. Subsequent efforts in which the
selection strategy deliberately avoided phosphodiester
hydrolysis led to DNA-catalyzed ester and aromatic
amide hydrolysis, but aliphatic amide hydrolysis has been
elusive. In the present study, we show that including
modified nucleotides that bear protein-like functional
groups (any one of primary amino, carboxyl, or primary
hydroxyl) enables identification of amide-hydrolyzing
deoxyribozymes. In one case, the same deoxyribozyme
sequence without the modifications still retains substantial
catalytic activity. Overall, these findings establish the utility
of introducing protein-like functional groups into deoxy-
ribozymes for identifying new catalytic function. The
results also suggest the longer-term feasibility of
deoxyribozymes as artificial proteases.

The discovery of natural RNA catalysts (ribozymes) in the
early 1980s revealed that proteins are not the only

biomolecules that have catalytic function.1 In the laboratory, in
vitro selection methodology can be used to identify both artificial
RNA aptamers (sequences with binding capabilities) and
ribozymes.2 Although nature does not appear to use DNA as a
catalyst, artificial single-stranded DNA aptamers3 and deoxy-
ribozymes4 can be found by in vitro selection.5 The binding and
catalytic abilities of RNA and DNA are similar, despite the
absence of 2′-hydroxyl groups in DNA.6 Moreover, DNA enjoys
many practical advantages relative to RNA in cost, stability, and
ease of synthesis.
A growing variety of reactions have been catalyzed by DNA.

These reactions include challenging transformations such as
phosphoserine hydrolysis, whose uncatalyzed half-life of ∼1010
years is reduced to ∼1 h by a deoxyribozyme.7 Nevertheless,
some DNA-catalyzed reactions have been elusive. In a previous
study, we sought DNA-catalyzed amide hydrolysis, but the
selection process instead provided deoxyribozymes that catalyze
DNA phosphodiester bond hydrolysis.8 We subsequently
improved the selection methodology to avoid phosphodiester
hydrolysis; although we foundDNA-catalyzed ester and aromatic
amide (anilide) hydrolysis, no deoxyribozymes emerged for
aliphatic amide hydrolysis.9 We then performed numerous

additional selections seeking DNA-catalyzed aliphatic amide
cleavage using water and also various nitrogen-based nucleo-
philes (e.g., amines and hydrazides), but no activity was observed
(data not shown). Joyce and co-workers evolved a group I intron
ribozyme to catalyze amide cleavage by a guanosine
nucleophile,10 but their finding is difficult to expand to amide
hydrolysis.
RNA and DNA lack many important functional groups found

in protein enzymes, such as primary amino and carboxyl groups
characteristic of lysine and aspartate/glutamate. The secondary
2′-hydroxyl group found in RNA is sterically encumbered and
may not contribute to catalysis as well as the primary hydroxyl of
serine. Such considerations have led others to evaluate the
inclusion of protein-like functional groups on deoxyribozymes.
This has been done extensively in the context of improving
DNA-catalyzed RNA cleavage by transesterification (attack of
the 2′-hydroxyl group on the neighboring phosphodiester
linkage), particularly to reduce or remove the divalent metal
ion requirement.11 However, to date there are no reports of
including protein-like functional groups for the purpose of
expanding DNA catalysis to entirely new reactions, especially
those for which unmodified DNA is not successful as a catalyst.
Modified nucleotides have been reported for inclusion in RNA
and DNA aptamers, and in many cases substantial enhancement
of binding ability is observed.12

Considering the challenge evident in identifying deoxyribo-
zymes for amide hydrolysis using standard unmodified DNA, we
decided to evaluate experimentally the contributions of protein-
like functional groups in this context. In random-sequence DNA
pools for in vitro selection, we replaced all instances of the
standard DNA nucleotide thymidine (dT) with one of the three
modified DNA nucleotides of Figure 1A, thereby preparing all
deoxyribozyme candidates with multiple occurrences of the
particular modification. Upon performing in vitro selection, we
were pleased to find deoxyribozymes that, for the first time,
hydrolyze aliphatic amide bonds. These results establish that
introducing protein-like functionality into DNA enables
identification of important new catalytic function.
Three modified DNA nucleotides were investigated, with

protein-like functional groups of primary amino, carboxyl, and
primary hydroxyl attached to the 5-position of thymidine,
thereby formally creating 5-substituted 2′-deoxyuridine deriva-
tives AmdU, COOHdU, and HOdU (Figure 1A). The cleavage
substrate presents a simple aliphatic amide bond covalently
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anchored between two DNA oligonucleotide strands (Figure
1B). In the selection process (Figure 1C), the substrate binds via
Watson−Crick base pairs to fixed DNA sequences that flank an
initially random N40 DNA pool (40 random nucleotides). These
fixed DNA sequences also enable PCR at the end of each
selection round. A close variant of this amide substrate was not
cleaved by unmodified DNA in our previous selection experi-
ments.9

Our standard in vitro selection strategy was adjusted as
required for incorporating the nucleotide modifications; see
Supporting Information. To prepare the N40 pool, the
appropriately modified (XdU) nucleoside phosphoramidite was
used in solid-phase oligonucleotide synthesis. The amide
hydrolysis step was performed in 70 mM HEPES, pH 7.5, 1
mMZnCl2, 20 mMMnCl2, 40 mMMgCl2, and 150 mMNaCl at
37 °C for 14 h, where each of Zn2+, Mn2+, and Mg2+ have been
useful cofactors for other deoxyribozymes. A “capture” step5d

was included as a specific selection pressure for amide hydrolysis
rather than DNA phosphodiester cleavage by either direct

hydrolysis or deglycosylation and subsequent elimination
reactions. Following each selection round, the new deoxyribo-
zyme pool, enriched in catalytically active sequences, was
synthesized by primer extension from the reverse complement
template using the modified XdUTP and KOD XL DNA
polymerase.
For deoxyribozymes incorporating the AmdU modification,

after 8 rounds, 16% capture yield for the DNApool was observed,
compared with ∼55% capture yield for a hydrolyzed reaction
standard (see Figure S2A for selection progression). Individual
deoxyribozymes were cloned from the round 8 pool. A single
sequence family was found, with a predominant sequence
designated AmideAm1 and numerous variants that have only one
or two nucleotide differences (Figure 2A; see all sequences in

Figure S3A). Of the 40 nucleotides in AmideAm1’s initially
random region, only six are AmdU. Moreover, in the sequence
alignment, four of these six positions are mutated in a catalytically
active variant, suggesting that just two of the six AmdU nucleotides
(at positions 34 and 38 of the initially random 40 nucleotides)
may be catalytically relevant. Both AmideAm1 and its quadruple
mutant in which only positions 34 and 38 are retained as AmdU

Figure 1. In vitro selection using modified DNA to achieve amide
hydrolysis. (A) Modified XdUTP nucleosides used in this study (dR =
deoxyribose). (B) Amide substrate. (C) Key steps of in vitro selection, in
which DNA-catalyzed amide hydrolysis is followed by DNA-splinted
capture of the revealed carboxylic acid with a 5′-amino oligonucleotide.
The DNA modifications in the initially random (N40) region are
denoted schematically by yellow crosses. Not depicted is PCR after the
capture step to form the reverse complement of the captured DNA
sequences (without modified XdU), followed by primer extension (with
modified XdUTP) to synthesize the DNA pool for the next round, now
enriched in catalytically active sequences. See SI text and Figure S1 for
selection details.

Figure 2. AmdU-modified AmideAm1 deoxyribozyme for amide
hydrolysis. (A) Sequence of the initially random (N40) region of
AmideAm1. The four yellow T positions are AmdU in the parent
sequence but mutatable as indicated. (B) PAGE assay (t = 0, 12, 48 h).
(C) Kinetic plots. kobs, h

−1 (n = 3): parent 0.11 ± 0.01 and quadruple
mutant 0.057 ± 0.007. Because kbkgd < 10

−4 h−1 (i.e., <0.5% in 48 h), the
rate enhancement kobs/kbkgd is >10

3. (D) Mass spectrometry analysis of
AmideAm1 product.
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were assayed for cleaving the amide substrate (Figure 2B). With
the amide substrate and the same incubation conditions as in the
selection process, the parent AmideAm1 (six AmdU) had amide
hydrolysis kobs 0.11 h−1 and 64% yield at 48 h, while the
quadruple mutant (two AmdU) had kobs 0.06 h−1 and slightly
lower 49% yield at 48 h (Figure 2C). MALDI mass spectrometry
confirmed amide hydrolysis (Figure 2D). Neither deoxyribo-
zyme had any detectable cleavage activity for the analogous all-
DNA substrate lacking an amide bond (data not shown).
For the experiments of Figure 2, each 74 nt AmideAm1

deoxyribozyme was prepared by primer extension from the
corresponding reverse complement template, as was done for the
selection pool during each round. Because of this approach, not
only did the initially random 40 nucleotides incorporate AmdU in
place of unmodified dT, but also the fixed-sequence 3′-segment
(binding arm) included AmdU.We established that the 3′-binding
arm did not require any of its six AmdU nucleotides by preparing
AmideAm1 via splint ligation using a truncated primer extension
product and an unmodified 3′-segment (Figure S4). We then
prepared several versions of AmideAm1 by solid-phase DNA
synthesis, using the AmdU phosphoramidite specifically for one or
both of positions 34 and 38 of the initially random region; all
other nucleotides that were originally AmdU in the sequence
identified by selection were replaced by unmodified dT. We
could not replace any AmdU with dT in AmideAm1 when
prepared by primer extension rather than solid-phase synthesis,
because primer extension does not allow site-specific replace-
ments. Assays using the AmideAm1 variants prepared by solid-
phase synthesis revealed that AmdU at both positions 34 and 38
are required for high catalytic activity, although reduced activity
(∼10% in 48 h; kobs decreased by∼3-fold) was still observed with
either of the single-AmdU variants (Figure S5). Therefore, as few
as one of the initially random 40 nucleotides of AmideAm1 must
be AmdU to achieve amide hydrolysis, whereas 39 of the
remaining 40 nucleotides can be standard unmodified DNA.
For the COOHdU modification, the capture yield was 7% at

round 11 (Figure S2B), and two unique sequences were
identified upon cloning, AmideCa1 and AmideCa2 (Figure
S3B). These sequences, respectively, included 7 and 3 COOHdU
nucleotides in the initially random region. Assays revealed kobs
0.3−0.4 h−1 and 10−17% yield at 48 h for amide hydrolysis
(Figure S6). Using variants prepared by splint ligation, we found
that amide hydrolysis did not need COOHdU modifications in the
fixed-sequence 3′-binding arm; yields were slightly higher (16−
24%) when modifications were omitted (Figure S6). Amide
hydrolysis was not observed when these deoxyribozymes were
prepared without any COOHdU modifications (Figure S6).
Finally, for the HOdU modification, capture yield of 16% was

observed at round 14, at which point cloning was performed
(Figure S2C). Three unique sequences were identified and
designated AmideHy1, AmideHy2, and AmideHy3 (Figure 3A;
see full sequences in Figure S3C). In the initially random regions
of these three sequences were 7, 9, and 6 HOdU modifications,
respectively. The three HOdU deoxyribozymes had kobs 0.1−0.2
h−1 and yield up to 53% at 48 h for amide hydrolysis (Figure
3B,C), as confirmed by MALDI mass spectrometry (Figure 3D).
As for AmdU and COOHdU, HOdUmodifications were not required
in the 3′-binding arm (Figure S7).
When synthesized without any modified HOdU nucleotides,

AmideHy1 was unexpectedly found to retain substantial catalytic
activity (Figure 3B,C). Separately, AmideHy2 showed a trace of
amide hydrolysis when evaluated without HOdU modifications
(1.2% in 48 h, n = 4; Figure 3B). These observations are

surprising in the context of our prior experiments, in which
unmodified DNA was never observed to hydrolyze amide
bonds.6,9 One possible explanation is that the α-hydroxyacetic
acid linker to the amide bond in the this substrate (Figure 1B) is
sufficiently activating to enable hydrolytic cleavage, whereas the
linker in our previous report was less activating.9 To test this, we
performed new selections using unmodified N40 DNA and
various peptide substrates linked via α-hydroxyacetic acid, and in
all cases no activity was observed (data not shown), indicating
that linker activation is not responsible for the amide hydrolysis.
Another hypothesis, not yet evaluated empirically, is that any
catalytically relevant HOdU 5-(hydroxymethyl) group can be
replaced by a combination of the dT 5-methyl group and a water
molecule, efficiently for AmideHy1 and much less well for
AmideHy2; this would be analogous to abasic and other rescue
experiments for ribozymes13 and similar rescue studies for
protein mutants.14 Further experiments, likely involving high-

Figure 3. HOdU-modified deoxyribozymes for amide hydrolysis. (A)
Sequence of the initially random (N40) regions of AmideHy1, 2, and 3.
Each blue T is HOdU in the deoxyribozyme. (B) PAGE assay (t = 0, 48
h). (C) Kinetic plots. kobs, h

−1 (n = 3): AmideHy1 mod 0.089 ± 0.011
and unmod 0.034± 0.003; AmideHy2 0.084± 0.004; AmideHy3 0.17±
0.02. (D) Mass spectrometry analysis of products (similar for
AmideHy2,3; not shown).

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.5b12647
J. Am. Chem. Soc. 2016, 138, 2106−2109

2108

http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12647/suppl_file/ja5b12647_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12647/suppl_file/ja5b12647_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12647/suppl_file/ja5b12647_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12647/suppl_file/ja5b12647_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12647/suppl_file/ja5b12647_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12647/suppl_file/ja5b12647_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12647/suppl_file/ja5b12647_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12647/suppl_file/ja5b12647_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12647/suppl_file/ja5b12647_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12647/suppl_file/ja5b12647_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12647/suppl_file/ja5b12647_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b12647


resolution structural characterization,15 are needed to explain the
role of HOdU modifications in DNA-catalyzed amide hydrolysis.
Others have found that modified RNA-cleaving DNA catalysts

can have reduced dependence on divalent metal ions,11 although
such an outcome was not our own goal. We investigated the
metal ion dependence of our new deoxyribozymes (Figure S8).
All of the deoxyribozymes require Zn2+ for full activity, in most
cases additionally requiring Mn2+, Mg2+, or both. All of the
deoxyribozymes have reduced activity below pH 7.5, with little or
no activity at pH 7.0 (data not shown).
In parallel with the identification of AmdU-, HOdU-, and

COOHdU-modified deoxyribozymes for amide hydrolysis, from
the same selections we also identified several sequence-unrelated
deoxyribozymes that catalyze a different cleavage reaction in
which a nucleoside appears to be oxidatively excised via a radical-
based mechanism (data not shown). These deoxyribozymes will
be described elsewhere.
In summary, including modified DNA nucleotides that have

protein-like functional groups enables DNA-catalyzed amide
hydrolysis. DNA with modified nucleotides is still “DNA” from
the important practical viewpoint of in vitro selection. In
particular, because modified nucleotides are tolerated during
PCR using an appropriate DNA polymerase, the in vitro
selection process is still fundamentally possible. The value of the
catalytic activity enabled by inclusion of the modifications
justifies the greater synthetic complexity of modified DNA.
Assessing the structural and mechanistic contributions of the
modifications to the DNA catalysis will be part of future efforts.
The finding that an unmodified DNA catalyst can have
substantial amide hydrolysis activity is intriguing and also
requires further investigation. The present study used a model
substrate in which the amide bond to be hydrolyzed was located
between two DNA oligonucleotide binding arms. Our ongoing
efforts focus on expanding this DNA catalysis to discrete peptide
substrates, including the important practical objective of peptide
sequence selectivity.16 The long-term goal of these efforts is to
establish DNA-catalyzed amide hydrolysis using peptide and
protein substrates, which is likely to have valuable applications in
molecular biology, chemical biology, and proteomics.17
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